at least one CO to promote its proper segregation. A mechanistic relationship between the two aspects of CO distribution is often assumed. Consistent with this view, large chromosomes display more interference than small ones (Kaback et al., 1999). ., 1989, 1992 ). This advanlocalized fairly uniformly along the length of each chrotage afforded to small chromosomes provides a mechamosome pair, indicating that synapsis does not initiate nism to ensure that every chromosome pair sustains at preferred locations. We also found that SICs interfere with each other (i.e., one SIC reduces the probability of another SIC occurring nearby), suggesting that SICs
Figure 1. Localization of Zip2 Foci on Pachytene Chromosomes
Shown is a spread nucleus stained with (from left to right) DAPI, and antibodies to Zip2, GFP, and Zip1. The image on the right is a merge of the three antibody-stained images. Scale bar is equal to 1 m.
of mature SC, this result demonstrates an aspect of other chromosomes (Figures 2C-2E). Examination of
Zip2 foci along chromosomes III, IV, and XIV revealed interference that is independent of synapsis.
that Zip2 foci are distributed in a manner similar to that found for chromosome XV. Like chromosome XV, chroResults mosomes III and IV show a decreased frequency of Zip2 foci in the interval containing the centromere. The SICs Are Distributed Fairly Uniformly density of Zip2 foci (i.e., foci/kbp) is somewhat higher along Chromosomes for the two smaller chromosomes examined than it is To determine the distribution of SICs along a chromofor the two larger chromosomes (Table 1) . some, chromosome XV was uniquely tagged by inserting a tandem array of the Lac operator (LacO) at the ARG8 locus at one end of the chromosome. The tagged strain SICs Display Interference As mentioned in the Introduction, a number of observaproduces a LacI-GFP protein that binds LacO (Straight et al., 1996) . Meiotic chromosomes were surface spread tions indicate that synapsis initiates at the sites of recombination events. But does synapsis initiate specifiand stained with antibodies to GFP, Zip2, and Zip1. Zip2 antibodies indicate the locations of SICs relative to the cally at the sites of COs? To address this question, we determined whether Zip2 foci demonstrate interference, chromosome end marked by the GFP signal (Figure 1 ). Zip1 antibodies were used to measure the contour length a property of COs, but not noncrossovers (Mortimer and Fogel, 1974 coincidence coefficient, which is defined as the observed frequency of tetrads with COs in two adjacent We found an average of 3.7 Ϯ 1.0 Zip2 foci on chromosome XV with a mean contour length of 2.6 Ϯ 0.04 (SE) intervals divided by the frequency of such tetrads expected in the absence of interference. Interference is microns. To assess the localization preference of Zip2 foci, the chromosome XV contour length was divided defined as one minus the coincidence coefficient. We computed a similar coincidence coefficient (Z) to meainto ten intervals of equal size, and the frequency of Zip2 foci within each interval was measured. If synapsis sure cytological interference (Ic) of Zip2 foci. In this case, however, the coincidence coefficient is the observed initiates at fixed locations on the chromosome, then a plot of SIC frequency against chromosomal position frequency of finding Zip2 foci in two adjacent intervals of the chromosome divided by the frequency of adjacent should yield a distribution characterized by discrete peaks separated by deep valleys. Instead, we found that foci expected in the absence of interference. The expected frequency of Zip2 foci in adjacent intervals was Zip2 foci are distributed relatively uniformly along the length of the chromosome with insignificant differences obtained by multiplying the measured frequencies of Zip2 foci in the individual intervals. Whenever the obbetween intervals in most cases (Figure 2A) . A similar pattern was obtained when chromosome XV was tagged served frequency of adjacent Zip2 foci is less than the expected frequency, these foci can be said to display at the opposite end ( Figure 2B ). There is no preference for synapsis initiation near telomeres, contrasting with cytological interference. Thus, when Z Ͻ 1, there is positive interference (Ic Ͼ 0) and, when Z ϭ 1, there is no observations in higher eukaryotes where synapsis often initiates at chromosome ends (Loidl, 1990 ). However, interference (Ic ϭ 0). For all nine pairs of adjacent intervals along chromothere is a decreased frequency of Zip2 foci in the interval containing the centromere.
some XV, the observed frequency of finding adjacent Zip2 foci is less than the expected frequency ( Figure 3A ). To determine whether other chromosomes exhibit similar distributions, Zip2 foci were mapped on three
Cytological interference values do not vary substantially mark the sites of all strand exchange reactions, whereas late nodules are believed to mark CO sites. In terms of Discussion number and distribution, SICs are similar to late nodules. However, SICs are detected at both the zygotene and SICs and Crossing Over Our study provides strong evidence that synapsis initiapachytene stages, suggesting that SICs represent a subset of early nodules that persist and become late tion and crossing over occur at the same sites on chromosomes. First, and most compelling, we have found nodules. The Zip2 and Zip3 proteins are components of these nodules at both stages; thus, the decision as to that SICs display interference, just like COs. In addition, SICs tend to be reduced in frequency near centromeres, which strand exchange events will ultimately generate COs (at least those occurring at SICs) must be made at and they are found at higher density on small chromosomes than large ones (see below for Discussion). Previor before zygotene. ous observations also indicate a connection between SICs and crossing over. The sgs1 mutation causes a Centromeric and Chromosome Size Effects In addition to displaying interference, the distribution 1.4-fold increase in the number of COs and a similar increase in the number of SICs (Rockmill et al., 2003 is less pronounced in yeast than in higher eukaryotes. Nevertheless, experiments in which the centromere was SICs have features in common with electron-dense occurring yeast chromosomes, other factors in addition to size must contribute to the rate of crossing over such that there is no simple relationship between chromosome size and CO rate. In our experiments, we found that the two smaller chromosomes tested showed a significantly higher density of Zip2 foci than the two larger chromosomes (Table 1) . Our data are certainly consistent with the conclusion that the density of Zip2 foci is higher on small chromosomes than on large chromosomes. However, we would need to measure the density of Zip2 foci in the same chromosomal segments on chromosomes of different sizes to firmly establish this relationship.
There is also a tendency for large chromosomes to display stronger interference than small chromosomes. Once again, this effect is most compelling when the same genetic intervals are examined on chromosomes of different sizes (Kaback et al., 1999). It has been proposed that the enhanced interference and reduced crossing over observed on large chromosomes are mechanistically related (i.e., stronger interference reduces the probability of crossing over) (Kaback et al., 1999). In our experiments, we found that interference on the two smaller chromosomes examined was about two-thirds the strength of the interference observed on the two larger chromosomes, consistent with a correlation between chromosome size and the degree of interference. , 1997) . In this mutant, interference is reduced, but not eliminated, in all intervals tested (Chua and the interval predicted to contain the centromere displays the lowest frequency of Zip2 foci of any interval on the Roeder, 1997). We were surprised, therefore, to discover that the zip1, msh4, and ndj1 mutations do not reduce chromosome. However, this effect was not apparent for chromosome XIV. Our analysis may underestimate the interference between SICs. Since SIC assembly precedes synapsis, the fact that effect of the centromere if the centromere is located at one end of an interval; in this case, much of the represSICs display interference implies that interference is independent of synapsis. However, an alternative intersive effect may occur in the adjacent interval. In this respect, it is interesting to note that the interval immedipretation is suggested by the observation that the development of SICs is asynchronous (Chua and Roeder, ately to the left of the centromere shows the lowest rate of Zip2 foci of any interval on chromosome XIV.
Interference between SICs Is Independent of Synapsis
1998; Agarwal and Roeder, 2000). Thus, it could be argued that synapsis initiating at SICs that form early influCOs are nonrandomly distributed among chromosomes, such that smaller chromosomes tend to undergo ences the distribution of SICs that develop later. This possibility could account for the interference between a higher rate of crossing over (cM/kbp) than large chromosomes (Table 1) . This size effect is most convincing in SICs observed in wild-type and possibly even in the msh4 and ndj1 mutants. However, the observation that experiments involving chromosome fragmentation and chromosomal fusions, in which crossing over can be SICs show wild-type levels of interference in the zip1 null mutant, in which is there is absolutely no SC polymeasured in the same genetic intervals, but on chromosomes of different sizes (Kaback et al., 1992) . In naturally merization, excludes the possibility that synapsis influ-ences SIC distribution. Thus, interference between SICs al., 1995), similar to zip2 and zip3. Polymerization of the must be independent of the formation of mature SC.
Zip1 protein begins at SICs and a zip1 mutation reduces crossing over (Sym and Roeder, 1994 
